The microbial burden of the Phoenix spacecraft assembly environment was assessed in a systematic manner via several cultivation-based techniques and a suite of NASA-certified, cultivation-independent biomolecule-based detection assays. Extremotolerant bacteria that could potentially survive conditions experienced en route to Mars or on the planet's surface were isolated with a series of cultivation-based assays that promoted the growth of a variety of organisms, including spore formers, mesophilic heterotrophs, anaerobes, thermophiles, psychrophiles, alkaliphiles, and bacteria resistant to UVC radiation and hydrogen peroxide exposure. Samples were collected from the clean room where Phoenix was housed at three different time points, before (1P), during (2P), and after (3P) Phoenix's presence at the facility. There was a reduction in microbial burden of most bacterial groups, including spore formers, in samples 2P and 3P. Analysis of 262 isolates from the facility demonstrated that there was also a shift in predominant cultivable bacterial populations accompanied by a reduction in diversity during 2P and 3P. It is suggested that this shift was a result of increased cleaning when Phoenix was present in the assembly facility and that certain species, such as Acinetobacter johnsonii and Brevundimonas diminuta, may be better adapted to environmental conditions found during 2P and 3P. In addition, problematic bacteria resistant to multiple extreme conditions, such as Bacillus pumilus, were able to survive these periods of increased cleaning.
Introduction
I n the search for life elsewhere in the Solar System, contamination of spacecraft hardware with terrestrial microorganisms is of immense concern (NRC, 2006) . Introduction of hardy microorganisms to extraterrestrial environments could potentially result in the colonization of other planets (forward contamination) or result in false positives during future life-detection experiments that seek biomolecular signatures also found in terrestrial organisms (Rummel, 2001) . Consequently, it is of utmost importance to monitor and control the biological burden on surfaces of spacecraft bound for planetary protection-sensitive targets by assembling hardware in certified clean room facilities that control airflow, humidity, temperature, and air particulate concentrations. These controlled conditions, coupled with periodic cleaning with chemical detergents (NASA-KSC, 1999) , result in a harsh, nutrient-limited environment that is not conducive to microbial growth (La Duc et al., 2007a) . However, although the stringent conditions within these facilities are effective in reducing the overall microbial load (Venkateswaran et al., 2001; La Duc et al., 2007a) , they may also select for ''hardy'' microorganisms capable of tolerating prolonged periods of desiccation, extremes of temperature, and exposure to UV light or hydrogen peroxide (Puleo et al., 1978; La Duc et al., 2003 , 2007a Kempf et al., 2005; Newcombe et al., 2005; ) . A number of microbes have been isolated that can tolerate multiple environmental stresses and have been reported to survive under simulated and actual space conditions (Newcombe et al., 2005; Osman et al., 2008a) . The repeated isolation of such bacteria suggests the potential for resistant microorganisms to gain access to spacecraft components and possibly survive transport to, and residence on, the surface of Mars or moons such as Europa and Titan, all of which are potential targets of future life-detection missions.
Reliance on a single culture-based method to monitor environments and set limits on microbial contamination is a common practice in a variety of industries and is outlined in regulations set forth by agencies and organizations such as the U.S. Environmental Protection Agency (Hussong and Madsen, 2004) , U.S. Food and Drug Administration (Maturin and Peeler, 2001) , American Public Health Association (Eaton et al., 2005) , and United States Pharmacopeia (Farrington, 2005) . Currently, NASA also utilizes a single cultivation-based assay to quantify spores and estimate overall microbial burden (NASA, 2005; NRC, 2006) . However, while it may be a valid proxy for spacecraft cleanliness, the spore count assay offers only a limited phylogenetic assessment of bacterial populations that tolerate the extreme physiological conditions in clean rooms . Comprehensive isolation of the hardy organisms that persist in these conditions requires the application of a breadth of distinct cultivation media, which has been shown to increase observed biological diversity in natural environments as well as in human-engineered facilities such as pharmaceutical production units (Giovannoni et al., 1988 (Giovannoni et al., , 1990 Iizuka et al., 1998; Nagarkar et al., 2001; La Duc et al., 2007a) .
Although a variety of extreme-tolerant bacteria have successfully been isolated from samples collected in NASA clean rooms during non-mission periods (La Duc et al., 2007a; Osman et al., 2007; Vaishampayan et al., 2009) , no data have been collected to determine whether significant shifts occur in clean room bacterial populations as a consequence of mission activities. To that end, a systematic approach was utilized to detect a broad spectrum of highly resistant bacteria throughout the spacecraft assembly process. Recurrent isolation of bacterial types common to the characteristic environmental and chemical conditions of nutrient-limited clean rooms was demonstrated, and changes in microbial incidence were correlated with maintenance practices associated with sensitive mission hardware.
Materials and Methods

Clean room characteristics
All samples were collected from the Kennedy Space Center (KSC) Payload Hazardous Servicing Facility (PHSF) where the Phoenix spacecraft was assembled, tested, and prepared for launch. The PHSF is a Class 100K (<100,000 particles >0.5 mm ft À3 air; Fed 209E) or ISO 8 (<3,520,000 particles >0.5 mm m À3 ), high-efficiency particulate air (HEPA) filtered clean room facility with dimensions 32.6 m (wide), 18.4 m (long), and 28.9 m (high). Temperature is maintained at 21.7 AE 3.38C, and relative humidity is held below a maximum limit of 60%. Air is volumetrically exchanged a minimum of four times per hour, with positive pressure maintained at all times. Routine maintenance is performed whether or not a spacecraft is actually present in the clean room (NASA-KSC, 1999) and includes replacement of tacky mats at entry points, frequent wiping of work surfaces, and regular cleaning of floors with clean room-certified sanitizing agents (disinfectants, alcohol, or ultrapure water). Strict protocols require that personnel entering the clean room equip themselves with clean room-certified garments, mouth and nose coverings, nitrile gloves, and footwear designed to minimize the shedding of particulates. Furthermore, before entering the controlled area of the facility, individuals are subjected to a HEPA filtered air shower.
Environmental monitoring system of the PHSF
Temperature, relative humidity, and airborne particle concentration were continuously monitored and recorded. An environmental monitoring system (EMS) provided realtime data acquisition, and physical measurements obtained by PHSF personnel supplemented the EMS data. Surface particulate matter, nonvolatile residue, and volatile hydrocarbons were monitored via conventional methods (NASA-KSC, 1999) . EMS sensor sets were located in recessed purged cabinets in the west, south, and north walls of the service bay and in similar recesses in the south wall of the airlock. Each set contains a temperature sensor, a relative humidity sensor (Vaisala model 260EX), and a laser particle counter that measures airborne particle concentration (Met One model 237A).
In general, very low numbers of airborne particles within the PHSF were recorded during all three sampling events. Briefly, the number of 0.5 mm particles per cubic feet rarely exceeded 18,000 during non-operation periods (1P and 3P) and 10,000 particles during Phoenix assembly (2P). After collection of the 2P samples on June 27, 2007, there was a spike in particle count (10,000 particlesft À3 ) observed in the early morning hours (7:30 to 8:30 AM) compared with the spike observed later in the day (10 to 11 AM and 1:30 to 2:30 PM) for the 1P and 3P sampling events. These measurements coincided with the clean room floor maintenance period. Despite the increased human activity during the assembly period (2P), very low particle counts were observed during 2P overall, likely due to the rigorous maintenance of the PHSF.
Sample collection
Several sample sets were collected from the PHSF at three time points: prior to the arrival of the Phoenix spacecraft (1P; April 25, 2007) , during the assembly and testing operations of the Phoenix spacecraft prior to its launch (2P; June 27, 2007), and after removal of the spacecraft to the launch pad (3P; August 1, 2007) . Samples were collected from up to 10 different locations in the facility during each sampling event. All attempts were made to sample the same physical locations within the PHSF during each sampling event; but when mission-specific activities prevented access to specific locations, alternate sampling sites were selected. Wet surface sampling of floor and wall locations was performed with Biological Sampling Kits (BiSKits, QuickSilver Analytics, Abingdon, Maryland) as previously described (Bruckner and Venkateswaran, 2007) . The BiSKits consist of three components: a macrofoam sponge mounted in a plastic casing, a screw-on plastic cover, and a screw-on bottle of sample buffer. Controls specific for each BiSKit were prepared in a Class II biohood immediately prior to sampling. The manufacturer-provided buffer was brought to a volume of 30 ml with sterile phosphate buffered saline (pH 7.2) then added to the macrofoam sponge component of the BiSKit. The modified buffer was recovered from the sponge by screwing the sponge casing against the BiSKit cover several times, which allowed the sample to be collected into the attached sample bottle. A 15 ml portion of buffer was removed 326 GHOSH ET AL.
from the sample bottle and stored in 50 ml centrifuge tubes to serve as a sample control. The remaining modified buffer was used for sample collection in the PHSF. At each sampling location, a BiSKit sponge was moistened with the modified buffer and wiped across a surface area of 1 m 2 . Samples were recovered from the sponges as described above. Upon collection, the sample bottles were removed from the BiSKit casings, capped, and transferred to the laboratory for processing.
Cultivation of bacteria
Nine different assays, as described previously (La Duc et al., 2007a) , were employed to culture bacteria from BiSKit samples to grow mesophilic heterotrophic bacteria (growth at 258C on R2A plates, R2A composition in grams per liter: yeast extract 0.5, proteose peptone 0.5, casein hydrolysate 0.5, glucose 0.5, soluble starch 0.5, sodium pyruvate 0.3, dipotassium hydrogenphosphate 0.3, and magnesium sulfate 0.05), thermophiles (growth at 658C on R2A plates), psychrophiles (growth at 48C on R2A plates), alkali-tolerant bacteria (growth at pH *11 on R2A plates), acidophiles (growth at pH *3 on R2A plates), halophiles (25% NaCl on R2A plates), spore formers (heat shock at 808C for 15 min with subsequent growth at 328C on TSA plates), UV-or hydrogen peroxide-resistant bacteria, and anaerobes. UVresistant bacteria were grown on R2A medium after a portion of BiSKit samples were exposed to 1,000 J=m 2 of UVC radiation, while hydrogen peroxide-resistant bacteria were isolated from BiSKit samples by exposing aliquots to 5% hydrogen peroxide for 1 hour before the samples were inoculated onto R2A. Anaerobes were cultured on thioglycolate medium (Pancreatic Digest of Casein 17.5 g, Papaic Digest of Soybean Meal 2.5 g, dextrose 10.0 g, sodium chloride 5.0 g, sodium thioglycolate 1.0 g, dipotassium phosphate 2.0 g, methylene blue 2.0 mg, agar 0.5 g, and distilled water 1.0 l) in a GasPak anaerobic chamber. Detailed growth conditions for all cultivable bacteria have been described previously (La Duc et al., 2007a) . Portions of BiSKit samples collected from each of the sampled locations within the PHSF during each of the three sampling events were plated separately and incubated or exposed under all nine of the different conditions as mentioned above. A maximum of five colonies were picked from each plate; colonies with different morphologies were preferentially sampled and stored in semisolid medium for future analysis. The number of colonies per plate for each growth condition is given in Supplementary Tables S1, S2, and S3.
Identification of bacterial isolates
Stored isolates were regrown on plates under appropriate conditions to obtain pure colonies. Isolates were picked and archived at À808C on Cryobeads (ProLab Diagnostics, Wirral, UK) for further processing and analysis. Individual colonies were directly analyzed by 16S rRNA gene polymerase chain reaction (PCR). Primers 27F (5 0 -AGA GTT TGA TCC TGG CTC AG-3 0 ) and 1492R 5 0 -GGT TAC CTT GTT ACG ACT T-3 0 ) were used to PCR amplify the nearly complete 16S rRNA gene (Pace et al., 1985) under the following conditions: 10 min at 958C for cell lysis and initial denaturation followed by 35 cycles of 958C denaturation for 1 min; 558C annealing for 2 min; and 728C extension for 3 min, followed by a 10 min incubation at 728C. Occasionally, PCR was unsuccessful, in which case genomic DNA was extracted from pure cultures by suspending cells in lysis buffer (120 mM sodium bicarbonate and 5% sodium dodecyl sulfate at pH *8) followed by three freeze-thaw cycles, then incubation at 708C for 1.5 hours. DNA was subsequently purified with a MO BIO genomic DNA purification kit (MO BIO Laboratories, Carlsbad, CA). PCR amplification was performed as described above.
The purified PCR amplified products were directly sequenced without cloning at Agencourt Biosciences Corporation (Beverly, MA) with the use of 27F, 907R, and 1492R primers. The phylogenetic relationships of organisms obtained during this study were determined by comparing individual 16S rDNA sequences to sequences in the public database described at http:= =www.ncbi.nlm.nih.gov=blast. Evolutionary trees of the isolated strains were constructed via neighbor-joining, parsimony, and maximum-likelihood methods described at http:= =paup.csit.fsu.edu. Bootstrapping (1,000 replicates) analysis was performed to minimize sampling artifacts. Evolutionary trees were constructed with PAUP* software (Swofford, 1990) or MEGA 4.0 (Tamura et al., 2007) . The GenBank accession numbers of the 262 isolates identified during this study are EU977585 to EU977841 (257 strains) and EU861362 to EU861366 (5 strains).
Culture-independent analyses
Adenosine triphosphate-based bioluminescence assay was used to determine the total adenosine triphosphate (ATP) and intracellular ATP as described previously La Duc et al., 2007a; Fajardo-Cavazos et al., 2008) . Briefly, to determine total ATP (total microbial population), 0.1 ml sample aliquots (4 replicates) were each combined with 0.1 ml of a cell lysing detergent (benzalkonium chloride) and then incubated at room temperature for 1 min prior to the addition of 0.1 ml of luciferin-luciferase reagent. The sample was mixed, and the resulting bioluminescence was measured with a luminometer. To determine intracellular ATP (total viable microbial population), 0.1 ml of an ATP-eliminating reagent (apyrase, adenosine deaminase) was added to a 1 ml portion of the sample, mixed, and allowed to incubate for 30 min to remove any extracellular ATP, after which the assay for ATP was carried out as described above. The assay possesses a dynamic range of 5Â10 À12 M to 10 À7 M ATP, with one relative luminescence unit (RLU) corresponding to *2Â10 À14 M ATP as determined by linear regression analysis of standard curves with known ATP concentrations . As previously established, 1 RLU is approximately equal to 1 colony-forming unit (CFU) (La Duc et al., 2007a) .
Statistical analysis
Statistical analysis was carried out via the coin package in the R software environment (version 2.4.1). The nonparametric Kruskal-Wallis test was used to detect significant differences between total and viable ATP quantities, cultivable heterotrophic bacteria, spores, and alkali-tolerant bacteria in samples collected during 1P, 2P, and 3P. A local database of high-quality, full-length, 16S rRNA gene sequences corresponding to type strains recognized by the Ribosomal Database Project was constructed to assist in EXTREMOPHILES FROM PHOENIX ASSEMBLY FACILITYidentification of isolates. Isolate sequences were queried against this database (>97.5% sequence similarity). Sequences found in any of the three environments (1P, 2P, and 3P) were compiled into a single FASTA-formatted file. Comparative analysis based on 16S rRNA gene sequences was performed with the use of a JPL in-house Perl script that determined exclusive and overlapping populations between all samples and constructed a Venn diagram to illustrate the recurrent isolation of bacterial species.
Controls and lower detection limits of assays employed
Appropriate controls were used whenever necessary. Sterile water samples served as negative controls in all culture-based and molecular assays. Solutions of pure ATP (Sigma-Aldrich, MO) and known cells (Bacillus pumilus ATCC 7061) were serially diluted and served as a standard curve for ATP analyses. Purified DNA from B. pumilus ATCC 7061 was included in the PCR amplification protocols as a positive control. To prevent false-negative results in PCR due to the presence of inhibitory substances, a known amount of DNA was extracted from B. pumilus and spiked (1 pg per reaction mixture) as an internal standard when necessary. None of the DNA extracts in this study inhibited PCR. The lower detection limits were 1 CFU (¼ 3.5Â10 2 to 2.6Â10 3 CFU=m 2 ) for the cultivable plate count assay and 10 RLU (¼ 3.5Â10 3 to 2.6Â10 4 CFU=m 2 ) for ATP analysis.
Definition of terms and limitations of various assays
Biomass levels from spacecraft assembly facility samples were assessed with a commercially available ATP detection assay. This method has been shown to have a very large dynamic range and has previously been used for describing low-biomass clean room environments (La Duc et al., 2007a) . In this study, total viable microbial population was determined by exclusively intracellular ATP measurements, while the total microbial population was determined by measuring the total ATP present in a given sample. While it should be noted that both measurements could conceivably include ATP from bacterial, archaeal, and eukaryotic sources, previous culture-based and molecular-based investigations of spacecraft clean rooms have shown nonbacterial microorganisms to be negligible or absent in these environments (Moissl et al., 2008) . Microscopy was deemed impractical for use in assessing microbial abundance in these samples because of the low number of microorganisms typically present (*10 3 viable cells per square meter of surface area) and the scarcity of samples (<10 ml per location). Moreover, the likelihood of confounding factors particularly detrimental to low biomass samples, such as autofluorescence, false positives, nonspecific binding of stain, and false negatives resulting from insufficient penetration of stain (Moter and Gobel, 2000) , undermined the value of microscopy for this type of study.
Results
Microbial burden
A total of 10 BiSKit samples were collected from PHSF floors before (1P) and after (3P) Phoenix was housed at the facility, while 8 PHSF floor samples were collected during Phoenix assembly (2P). In general, most samples collected during 1P had a higher abundance of total bacteria as well as bacteria capable of tolerating various extreme conditions, compared with both 2P and 3P samples ( Table 1 ). The total microbial population was in the range of 1.1Â10 6 to 1.3Â10 8 RLU m
À2
, whereas the viable microbes were 2 to 3 orders of magnitude lower. Quantities of both total and viable microbes were significantly higher ( p < 0.05) in 1P samples compared with 3P samples (Table 2) . No significant differences ( p > 0.05) were detected in ATP counts (total or viable microbes) between 1P and 2P samples. Mean viable microbial levels were 3 and 4 times higher in PHSF samples collected prior to the arrival of spacecraft components (1P) when compared with mean viable microbial levels in 2P and 3P samples, respectively. This trend of microbial reduction in 2P and 3P samples compared with 1P samples was most evident in mesophilic heterotrophs (*20 times lower) and spore counts (*165 times lower). The overall microbial abundance was comparable between 2P and 3P samples.
Cultivable mesophilic heterotrophs were detected in 24 out of 28 samples; but, at most locations (19 samples), ATP analysis indicated that less than 10% of viable microbes were capable of growth on R2A agar (Table 1) . Mesophilic heterotrophs were significantly lower ( p < 0.05; Table 2 ) among 3P samples compared with 1P samples. Spore formers were much lower in abundance than mesophilic heterotrophs and were noticeably absent in several samples. Although spore formers were isolated from all 1P samples, only 25% and 50% of 2P and 3P samples, respectively, harbored them. Spore former counts from 1P samples were significantly higher ( p < 0.05; Table 2 ) than both 2P and 3P samples. In general, spore formers comprised only 0-3% of the viable bacterial population. Alkali-tolerant bacteria were abundant among the viable populations, and comparable numbers of mesophilic heterotrophs and alkali-tolerant bacteria were frequently detected. Alkali-tolerant bacterial counts were lower ( p < 0.05; Table 2 ) among 3P samples compared with both 1P and 2P samples. Thermophiles were exclusively detected among 1P samples. Similarly, with the exception of two samples, UV-resistant bacteria were detected primarily in 1P samples (Table 3) . Psychro-tolerant bacteria were present among nine 1P samples and three 2P samples but were not isolated from the 3P samples. Bacteria resistant to hydrogen peroxide were rare and detected in only three 3P samples. Bacteria could not be cultivated under high salt and acidic conditions from any of the samples tested.
The percentage of various extreme-tolerant bacteria with respect to the entire viable microbial population (as measured by intracellular ATP) was calculated for all bacterial categories (Table 1) . Less than 10% of the total viable microbial populations were able to grow in R2A medium under mesophilic conditions in 1P samples, and this percentage decreased through the following sampling events (2P and 3P). In contrast, alkali-tolerant bacteria constituted a larger portion of the microbial population during the actual assembly of Phoenix (2P samples; *8%) compared with time periods when the clean room was not operational but was nevertheless maintained according to clean room specifications (1P and 3P). Spore formers represented less than a percent of total viable microbes and less than 10% of the mesophilic heterotrophic bacteria for all the sampling events.
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Prevalence and diversity of cultivable bacteria
Cultivable bacterial diversity of the PHSF during various stages of Phoenix assembly was assessed by 16S rRNA gene sequencing. The diversity of cultivated bacteria (n ¼ 262 strains) and the number of novel bacteria (17 species comprising 40 strains) detected are shown in Table 3 and Fig. 1 . In general, a more diverse group of bacteria was obtained from 1P compared with 2P and 3P. Furthermore, 1P harbored a greater abundance of previously unknown bacteria. During 1P sampling, 32 strains belonging to 11 novel bacteria were obtained, whereas only 7 strains (6 species) from 2P and 1 strain from 3P samples exhibited <97.5% 16S rRNA gene sequence similarities with previously known species. A higher number of isolates were obtained when samples were grown under mesophilic (66 strains) and high alkaline (86 strains) conditions compared with other cultural conditions employed during this study. Strains obtained under other physiological and exposure conditions were spore formers (36 strains), psychro-tolerant bacteria (30 strains), thermophilic bacteria (8 strains), facultative anaerobes (25 strains), UV 254 -resistant bacteria (11 strains), and hydrogen peroxideresistant bacteria (5 strains).
A distinct shift in bacterial populations was observed from 1P to 2P and 3P samples. Isolates collected from the prePhoenix period (1P) included representatives from the Proteobacteria (9 species), low-GC Gram-positive organisms (Firmicutes, 17 species), high-GC Gram-positive organisms (Actinobacteria, 17 species), and one each of Bacteroidetes and Deinococcus groups. Strains collected during Phoenix (2P) belonged to members of the Proteobacteria, Firmicutes, and Actinobacteria, while only Proteobacteria and Firmicutes members were detected from post-Phoenix samples (3P). The markedly reduced diversity during 2P and 3P was accompanied by increased prevalence of Acinetobacter johnsonii and Brevundimonas diminuta (Table 3) . Analysis of overlapping cultivable bacterial populations from all 3 sampling events (Fig. 2) revealed that 31 of the 43 species present during 1P were no longer detected during 2P and 3P. Only 2 species, B. pumilus and B. diminuta, were detected during all 3 sampling events.
Functional diversity
When samples were grown under mesophilic conditions, a total of 21 species was isolated, 5 of which were novel species. Only 4 were found in more than one sampling event (Table 3) . Characterization of alkali-tolerant and psychrotolerant strains further demonstrated physiological diversity present in the PHSF. Direct cultivation in high-alkaline medium yielded a total of 23 species, 2 of which were novel; low-temperature conditions resulted in the isolation of 18 species, 6 of which were novel. Acinetobacter johnsonii and B. diminuta dominated the mesophilic and alkali-tolerant bacteria recovered from 2P and 3P, while a much more diverse group of organisms were isolated from 1P samples. Psychro-tolerant bacteria predominantly belonged to Proteobacteria and Actinobacteria, with no single species dominating the isolates (Table 3 ). Of the 6 UV-resistant bacterial species analyzed, 4 belonged to Firmicutes. All 25 strains isolated under anaerobic conditions were also able to grow aerobically.
Spore formers demonstrated diverse metabolic capabilities: 11 species were detected from the spore-favoring heat shock assay, 7 were obtained from high-alkaline media, 7 were cultured under anaerobic conditions, 5 were isolated on neutral pH R2A under mesophilic conditions, 2 were isolated under psychro-tolerant conditions, 4 survived high UV exposure, and 1 was determined to be both hydrogen peroxide resistant and thermophilic. Although species of Bacillus were found under several of the growth=exposure conditions employed, they were not isolated when samples were exposed to low pH or high-salinity growth conditions. It should be noted that a single species, B. pumilus, was found to tolerate nearly all experimental stresses, including growth at high temperature (*658C) and exposure to hydrogen peroxide conditions, but was not isolated under lowtemperature conditions (4-88C). Eight thermophilic bacterial strains were obtained from the 1P samples; in addition to a single isolate of B. pumilus, 7 strains of Geobacillus stearothermophilus were collected.
Novel bacterial diversity
The phylogenetic affiliations of novel bacteria isolated in this study are depicted in Fig. 1 . Among the 17 species deemed novel, based on 16S rRNA gene sequence analysis (Stackebrandt and Goebel, 1994) , there were 6 mesophilic heterotrophs, 6 psychro-tolerant, 5 spore-forming, and 3 alkali-tolerant bacteria not as yet described in the literature. Several of these novel strains exhibited tolerance to multiple physiological conditions. For example, some of the psychroand alkali-tolerant strains also formed spores (Table 3) . Strains isolated as UV-resistant or thermophilic belonged to already-described species. Except for one each of Bacillus and Georgenia species, novel species were not found in more than Phyla=Species  1P  2P  3P  1P  2P  3P  1P  2P  1P  2P  3P 1P 2P a single sampling event; however, several isolates of the same novel species were often found in various locations of that sampling event. One novel alkali-tolerant species identified as B. horneckiae was found in at least 6 locations during the 1P sampling event and has recently been described (Vaishampayan et al., 2009) by way of a variety of metabolic and phylogenetic analyses. Further research is under way to describe other bacterial species isolated during this study.
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Discussion
The ratios between total ATP content, intracellular ATP content, and CFU counts are reliable indicators of relative microbial abundances on clean room surfaces La Duc et al., 2007a) . Ratios of intracellular ATP content to total ATP were very low (0.03-4.3%) in all samples irrespective of sampling events, which is consistent with surface samples obtained from a number of certified clean rooms ranging from class 10 to 100K (La Duc et al., 2007a) . As expected, cultivable bacteria accounted for a minor portion of the total viable bacteria in most samples, with very low ratios of CFU to viable microbes (<10%) for the majority of samples. The challenging environmental conditions in the PHSF clean room made the ATP assay used in this study particularly useful for assessing bacterial contamination. Approximately 15% of collected samples yielded no cultivable mesophilic heterotrophs, but the samples possessed intracellular ATP values well above the assay's detection limit (Table 1) . Previous molecular microbial community analyses of samples devoid of mesophilic heterotrophs have confirmed the presence of a number of other bacteria that either have never been cultured or require very specific culture conditions La Duc et al., 2007a) . Although the extremely low cellular biomass levels found in clean rooms makes DNA extraction and PCR amplification from individual samples unreliable, pooled samples from each of the sampling events discussed herein have revealed the presence of these difficult-to-culture organisms (Vaishampayan et al., unpublished data) . A single sample yielded mesophilic heterotrophs despite having intracellular ATP measurement below detection limit (Table 1 ). Such outliers demonstrate that the distribution of microbes FIG. 1. Phylogenetic tree (maximum parsimony) of cultivable bacteria isolated from the PHSF. GenBank accession numbers for 16S rRNA gene sequences of the novel isolates are shown following the strain number designations. Where the novel strains were isolated more than once, the frequency numbers are given in parenthesis. Only novel strains identified within this study showing <97.5% similarities (16S rRNA gene) to the closest described species are included. Branching percentage values were determined with the use of 1000 bootstraps. The scale bar shows a 5% estimated difference in nucleotide sequence positions.
in any given sampling location is far from uniform and underscores the challenge of drawing statistical conclusions from low biomass samples .
While it has been observed that bacteria sometimes enter the clean room with humans (Puleo et al., 1978; Castro et al., 2004) , other bacteria may be well adapted to the oligotrophic conditions of these environments as well as the chemicals used for cleaning the facility (La Duc et al., 2004) . Furthermore, differences observed in microbial diversity and abundance between the three sampling dates suggest that these populations are not stable and may fluctuate significantly throughout the spacecraft assembly process. Compared with measurements taken before Phoenix's arrival at the PHSF (1P), samples collected during Phoenix assembly (2P) and post-Phoenix assembly (3P) displayed reduced numbers of cultivable mesophilic heterotrophs and extremophiles as well as a reduction in diversity. There was also a distinct shift in the type of bacteria isolated in the PHSF across the three sampling events. The most commonly isolated organisms from 1P were B. flexus (10 isolates) and P. oryzihabitans (15 isolates), while A. johnsonii and B. diminuta were most common among 2P and 3P isolates. The reduced abundance (Table 1 ) and diversity of bacteria in the 2P samples (Table 3) , despite increased human activity and consistent environmental controls, strongly suggest that more stringent cleaning protocols during the presence of the Phoenix spacecraft were responsible for the shift in bacterial populations.
Previous studies have reported species of the extremely hardy, spore-forming Bacillus genus to be the most highly represented organisms (>85% of the cultivable population) in samples collected from spacecraft assembly facilities (Favero, 1971; Puleo et al., 1977) . However, these findings were heavily influenced heat-shock procedures that optimized the detection of spores and excluded vegetative cells. In this study, cultivable bacteria from the PHSF belonged to various groups of bacteria that included spore formers as well as several non-spore-forming extremophilic species. Previous research studying several NASA clean rooms has also indicated similar bacterial profiles (La Duc et al., 2007a) . While NASA planetary protection concerns about extremophilesparticularly with respect to vacuum, UV radiation, and ionizing radiation survival-have focused primarily on spore formers, the results of this study demonstrate that clean rooms host a variety of non-spore-forming bacteria that can survive extreme conditions and warrant further research into their ability to tolerate other conditions likely to be encountered during space missions.
In an attempt to develop tools that could accurately assess the risk of forward contamination, the recurrence of problematic bacteria under various culturing conditions and across multiple sampling events was compared via JPL inhouse computational modeling. This interactive database, which cataloged 16S rRNA gene sequences from all microorganisms detected during this study, revealed the prevalence of recurring microorganisms within the PHSF and allowed inferences to be made regarding the proportions of dominant taxa present in microbial populations. For example, the 1P samples showed the highest diversity of cultivable bacteria, exhibiting 43 species with 22 singletons (bacteria occurring only once; Fig. 2 ) (Schloss and Handelsman, 2005) . However, when the 16S rRNA gene sequences from the 262 isolate collection were examined as a group, 25% (n ¼ 65) of the bacterial isolates belonged to only 2 species: B. pumilus and B. diminuta.
In addition to its high occurrence, the spore-forming B. pumilus showed the highest versatility among the isolates, growing under 6 different culturing conditions and tolerating exposure to UV, hydrogen peroxide, and temperatures up to 658C (Table 3 ). The isolation of B. pumilus during all three sampling periods indicates that this species was able to survive increased cleaning procedures employed while the Phoenix spacecraft occupied the PHSF, and previous research has demonstrated high tolerance of B. pumilus to extreme conditions (Kempf et al., 2005; Newcombe et al., 2005) . Although the presence of B. pumilus has been noted in previous investigations of NASA clean rooms (Kempf et al., 2005; Newcombe et al., 2005; Satomi et al., 2006) , the results of this investigation demonstrate its resilience to several environmental stressors that are relevant to space research. Similarly, B. diminuta was detected in all three sampling events (Fig. 2) . But despite frequent detection in these samples and occurrence in other oligotrophic environments (Penna et al., 2002; Mazzola et al., 2006; Osman et al., 2008a Osman et al., , 2008b , the significance of B. diminuta in the microbial ecology of the clean room environment (La Duc and others, 2007b) remains to be elucidated.
The fluctuation of clean room contaminants over the course of spacecraft assembly has great significance for planetary protection objectives. Development of appropriate cleaning and sterilization protocols will require a solid understanding of the physiological capabilities of clean room microorganisms. Meaningful analysis of data from upcoming life-detection missions will likewise require knowledge of how these microbes are distributed within clean rooms, across assembly facilities, and on spacecraft hardware.
FIG. 2.
Recurrent isolation of bacterial species during the maintenance of the PHSF for the Phoenix mission. Schematic drawing shows the detected bacterial species found in various sampling events of the PHSF clean room. Overlaps between the sampling events are indicated by the arrangement of the circles. The number of bacterial species found exclusive or overlapping with the environments is shown individually, and the value in parentheses denotes the number of strains belonging to that circle or overlap.
Database applications capable of tracking recurrent organisms and the extent to which they can survive extreme growth= exposure conditions will be essential for developing protocols that promote the biological integrity of NASA missions. Beyond NASA mission objectives, however, the baseline bacterial inventory=databases created during this study will have application in medical, pharmaceutical, and healthcare industrial environments where clean rooms are used.
